Syntrophic consortia of anaerobic methane-oxidizing archaea control the flux of anaerobic methane-oxidation of gas hydrates in ocean sediments, and they tend to associate with sulfatereducing ␦-Proteobacteria. Other syntrophic, methanogenic consortia metabolize lighter alkane and aromatic fractions, leaving heavy oil, extra heavy oil, and bitumen deposits that account for about 70% of all oil resources.
Syntrophic microbes also are partly responsible for degrading natural polymers such as polysaccharides, proteins, nucleic acids, and lipids to carbon dioxide and methane (Fig. 1) . In this three-stage process, bacteria hydrolyze the polymers in anaerobic habitats and then ferment those hydrolytic products to acetate and longer-chain fatty acids, alcohols, and aromatic compounds. Propionate and longerchain fatty acids, aromatic compounds, alcohols, and some amino acids are then syntrophically metabolized to form hydrogen, formate, and acetate. Lastly, two different groups of methanogens, those that use hydrogen and formate and others that convert acetate, formate, and hydrogen to carbon dioxide and methane. Carbohydrate-using bacteria make little to no ethanol or lactate and less propionate and butyrate when the three-stage process is operating efficiently at low levels of hydrogen and formate, a condition that favors
Summary
• Syntrophic microorganisms, which are defined by metabolism rather than phylogeny, provide essential functions in anaerobic food chains.
• Syntrophic microorganisms have extremely low energy budgets compared to many other wellstudied microorganisms.
• Genome sequences reveal nonstandard features of the metabolism of syntrophic microbes, while transcriptomics implicate many genes without functional assignments. electron flow from donor molecules such as reduced nicotinamide adenine dinucleotide (NADH) (Fig. 1) . Syntrophy also plays an important role in degrading aromatic compounds through their CoA derivatives, which are then further degraded by syntrophic consortia to methanogenic substrates.
What Happens When Syntrophy Is Disrupted
Because syntrophic fatty acid metabolism is often rate-limiting when methane is the final end product of the degradation of natural polymers ( Fig. 1) , optimizing this step is essential for treating sewage and other wastewaters and for converting renewable resources to methane. Disrupting syntrophic fatty acid metabolism significantly retards the turnover of organic matter, leading short-chain fatty acids to accumulate and lowering methane output.
Methane and underlying methanogenic activity likely played important roles during earlier eras, warming the planet when glaciations might otherwise have occurred. Those dynamics suggest disconcerting consequences from continued increases in atmospheric methane.
Wetlands harbor about 30% of terrestrial
F I G U R E 1
Major metabolic processes involved in the conversion of organic matter to methane (left) and the critical redox reactions involved in syntrophic metabolism (right). Acetogenic dehydrogenation (red) involves syntrophic consortia. Key intermediates are shown boxes. At low hydrogen and formate concentrations, the redox potential for hydrogen and formate production is lowered as shown in the blue highlighted regions. Favorable electron flow is illustrated in blue and unfavorable electron flow, which would require reverse electron transfer, is shown in red. Hydrogen and formate production from NADH becomes favorable at low hydrogen and formate concentrations. Hydrogen and formate production from key intermediates generated during syntrophic metabolism is not favorable at the hydrogen and formate concentrations achieved by methanogens. , professor of microbiology in the department of botany and microbiology at the University of Oklahoma, is trying to figure out how microorganisms produce methane gas from wastewater and decaying matter and how to use bacteria to remove oil from old reservoirs. "Clean water is precious," he says. "We need to use it wisely. I hope that my work has helped in some way to make the cleanup process more effective. I would like to see microbial oil recovery make it on an industrial scale."
McInerney grew up in Chicago, one of two boys, and lived there until he was eight. The product of Catholic elementary and high schools, he played baseball all summer, as well as touch football and hockey-on roller skates in the street-using sewer covers as goals. During the winter, he and his friends played ice hockey on a frozen pond in a nearby cemetery.
McInerney's father, the son of an Irish immigrant, worked as a Chicago policeman, and later as an operating engineer with the Metropolitan Sanitary District. "This is probably where I got interested in wastewater treatment," he says. "Lake Erie was dead. The river in Cleveland caught fire. This piqued my interest in cleaning up water. He would take me down to the federal building in downtown Chicago, and we would get free publications on pollution control." His father joined the Army after two years of high school, completed officer training school, and became an engineer. "He fought in New Guinea and the Philippines, where he was severely wounded," McInerney says. "He received full regular army retirement as first lieutenant. This check kept us going in lean times." His mother was born in a small Irish village, and came to the United States in 1929, where she worked as a maid until she married.
McInerney earned his B.S. in biology in 1973 from Northern Illinois University, where he met his wife of 37 years, Cynthia, a certified public accountant, with whom he has two grown children. He received his M.S. in 1977 and his Ph.D. in 1980, both in microbiology and both from the University of Illinois. He conducted postdoctoral research at the University of Georgia.
McInerney credits his parents for motivating him to study, even though he found it difficult at times. "Their goal was to get their kids the education that they could not," he says. "When I came home for the first time from college, I told my dad that chemistry was difficult and I could not understand the quantum mechanics of orbitals very well. I got up the next morning and saw that my dad had fallen asleep reading my chemistry text. He was going to help me understand this. He was very bright, and could fix anything," he adds. "We had no money, but my parents never let this stand in their way and I never felt deprived. I remember, after I did my homework, holding the flashlight for my dad as he rebuilt an engine for a car in the driveway in winter. I guess I learned to keep going and work through problems watching him."
His childhood was tough. At age seven, for example, he was once attacked outside his house by a stranger, who hit him so hard that he collapsed. The next thing he remembers was waking up in the hospital with indescribable pain. The incident prompted his family to move to a nearby suburb. He reacted to that attack with puzzlement, rather than anger. "I did not see it coming," he says. "I don't remember seeing him at all until I was hit. I don't know why he did it. It was a first-hand experience of what hate and ignorance can do, and since then I have always tried to treat everyone as best I could."
McInerney believes such experiences contributed to his sense of responsibility toward helping others. He volunteers with the Saint Vincent de Paul Society, for example, and has chaired its fundraiser, the Friends of the Poor Walk, for the past two years. "We do home visits to help families and individuals in emergencies," he says. "We keep families, disabled, elderly in their home with essential utilities and prevent homelessness. Our family went through hard times, but my parents kept us together. Now, family structure is gone. Many of our clients just need to know that someone cares. I have to give back because so many people have helped me get where I am today." carbon as peat and account for 20% to 40% of global methane emissions. About 15% of boreal and arctic landscape is covered with wetlands, which also produce significant amounts of methane after thawing. Methanogenesis is likely to accelerate as the depths of annual thaws increase due to increasing mean summer temperatures, potentially creating a positive feedback loop for global warming. Hence, disrupting syntrophic metabolism in wetlands and tundra might prove an effective means for reducing natural methane emissions that could otherwise accelerate global warming.
Genomic Sequence Data Provide Insights into Syntrophy
Based on genome information for Syntrophomonas wolfei and Syntrophus aciditrophicus, the two species lead a syntrophic lifestyle of metabolic specialization and nutritional self-sufficiency. They lack the genes to use external electron acceptors such as oxygen, nitrate, sulfate, iron, or fumarate, while their proton-translocating gene systems include an ATP synthase and several pyrophosphatases. Although scarce, they carry genes encoding b-type cytochromes associated with hydrogenases and formate dehydrogenases, and a c-type cytochrome associated with nitrite reductase-like genes. If produced, nitrite reductase probably serves in a detoxification role because neither organism uses nitrite for growth. Based on genomic and physiologic analyses, S. wolfei and S. aciditrophicus are "hard-wired" for syntrophy. For instance, S. wolfei uses a limited set of short-chain fatty acids, while S. aciditrophicus uses some longer-chain fatty acids, benzoate, and two alicylic acids. They do not ferment sugars and amino acids. Instead, they reoxidize reduced electron carriers such as NADH by using protons or carbon dioxide as electron acceptors to form hydrogen or formate, respectively. In contrast, Desulfovibrio vulgaris, Desulfovibrio desulfuricans, and Geobacter sulfurreducens are more versatile, can respire sulfur oxyanions or metals, respectively, and grow syntrophically only when these electron acceptors are unavailable.
The genomes of S. wolfei and S. aciditrophicus contain multiple homologous genes encoding enzymes for their fermentation pathways. For example, the genome of S. wolfei contains nine acyl-CoA dehydrogenase genes and S. aciditrophicus has four benzoyl-CoA reductase genes. The reason for this redundancy is currently unknown, and these enzymes may have different physiological roles within the cell.
Syntrophy and Origins of Energy Acquisition
The long history of syntrophic partners presumably provides many opportunities for genetic exchanges between them. Consider S. aciditrophicus. Fermentative bacteria make acetate from acetyl-CoA by the combined action of phosphotransacetylase and acetate kinase. However, S. aciditrophicus lacks a gene for acetate kinase but carries genes for butyrate kinase and phosphate acetyl/butyryl transferase, which might be used to produce acetate and adenosine triphosphate (ATP). Yet extracts of S. aciditrophicus show very low acetate kinase activity and no detectable phosphotransacetylase activity.
Genomic analyses provide clues as to how S. aciditrophicus makes ATP. For instance, the genome carries nine genes for ADP-using acetylCoA synthetase. Those genes might have been derived from archaea, in which this enzyme converts acetyl-CoA, ADP, and phosphate to acetate, CoA, and ATP (equation 1). In addition, its genome carries several heterodisulfide reductase genes and redox-related genes that also appear to be of archaeal origin. Thus, S. aciditrophicus may have acquired genes for energy conservation and electron transfer from its methanogenic partner.
Acetyl-CoA ϩ ADP ϩ Pi 3
Acetate ϩ CoA ϩ ATP (1)
Reverse Electron Transfer
One defining feature of syntrophy is reverse electron transfer, a specialized respiratory process that requires energy input to drive thermodynamically unfavorable redox processes. Even when the methanogenic partner maintains low hydrogen and formate concentrations, electron flow from intermediates in fatty acid metabolism is still thermodynamically unfavorable and energy is used to drive these redox reactions.
One such mechanism is called electron confurcation. For instance, trimeric hydrogenase
F I G U R E 2
Protein complexes potentially involved in reverse electron transfer and the genes that encode these complexes in syntrophic metabolizers. Complexes include: putative NADH-linked confurcating hydrogenases and formate dehydrogenases; FeS oxidoreductase and Fix proteins, which may act as electron transfer flavoprotein:quinone oxidoreductases; and Rnf, which functions as an Na ϩ -translocating, ferredoxin: NAD ϩ oxidoreductase. Genes present in syntrophic metabolizers that encode the complexes are shown to the right of the protein complex. Gene designations are given above each gene. Abbreviations: Fd, ferredoxin; MK, menaquinone; BCD, butyryl-CoA dehydrogenase; and the colored circles with ox (oxidized) and red (reduced) indicate the electron transfer flavoprotein subunits.
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Homologous genes are found in many anaerobes, including syntrophic metabolizers. The genes encoding the electron-confurcating hydrogenase include an [FeFe]-hydrogenase alpha subunit plus subunits that annotate as NADH dehydrogenase 51-kDa and 24-kDa proteins. We found that S. wolfei and S. aciditrophicus contain homologs to the electron-confurcating hydrogenase of T. maritima (Fig. 2, Table 1 ). The S. wolfei and S. aciditrophicus genomes also contain formate dehydrogenase genes adjacent to genes for NADH dehydrogenase subunits (Fig. 2) , suggesting that electron confurcation may be involved in producing formate from NADH during syntrophy.
Alternatively, membrane complexes could be involved in reverse electron transfer during syntrophic metabolism ( Fig. 2; Table 1 ). S. wolfei and S. aciditrophicus contain menaquinones, which could function as the electron carrier between membrane complexes involved in acylCoA oxidation and those for hydrogenases, formate dehydrogenases, or other membrane redox complexes.
For example, S. aciditrophicus and S. wolfei contain a novel gene predicted to encode for a membrane-bound iron-sulfur oxidoreductase (Fig. 2 ). This gene is adjacent to genes for electron transfer flavoproteins (etfAB). EtfAB proteins transfer electrons generated in the oxidation of acyl-CoA intermediates during betaoxidation to membrane complexes. S. wolfei also contains fix genes for electron transfer flavoprotein (fixAB) and a membrane-bound ETF:quinone oxidoreductase (fixC) (Fig. 2) . The membrane-bound, iron-sulfur oxidoreductase or FixC could serve as the input module for reverse electron transfer during syntrophic fatty and aromatic acid metabolism. Genomic studies implicate additional membrane complexes in reverse electron transfer. S. aciditrophicus, Desulfovibrio species, and many other microbes contain genes for a membrane-bound ferredoxin:NAD ϩ oxidoreductase called rnf (Fig. 2) . In fermentative anaerobes, Rnf generates a sodium gradient by coupling the oxidation of reduced ferredoxin to NAD ϩ reduction. During syntrophic metabolism, the Rnf would work in the reverse direction by using the sodium gradient to drive the unfavorable reduction of ferredoxin with NADH. In other syntrophic organisms, NADH dehydrogenase complex I and membrane-bound, iontranslocating hydrogenases could also be involved in reverse electron transfer (Table 1) .
Another intriguing possibility is direct electron transfer between syntrophic partners by electron-conductive pili or nanowires. Evolution of a highly efficient, syntrophic ethanol-oxidizing G. metallireducens and fumarate-reducing G. sulfurreducens coculture depended on a truncated pilA gene, which encodes the nanowire pilus, and enhanced expression of an outer membrane, multiheme cytochrome (OmcS).
Whether direct electron transfer via nanowires is a general approach for syntrophic metabolism awaits further study. Meanwhile, we know that the genomes of syntrophic metabolizers such as S. wolfei and S. aciditrophicus have multiple hydrogenase and formate dehydrogenase genes, but lack the genes for the electrically conductive pilus and outer membrane, multiheme cytochromes (Table 1) . Available evidence emphasizes the importance of hydrogen and formate exchange during syntrophy.
Defining the Syntrophic Lifestyle
How do syntrophic partners coordinate? Adapting to this lifestyle appears to involve gene systems that these microorganisms do not use in pure culture. For instance, hundreds of genes are differentially expressed when Desulfovibrio species shift from syntrophy to sulfidogenic growth.
How do syntrophic cell partners communicate? One possibility is quorum signaling. However, we do not find cell density-dependent gene systems in the S. aciditrophicus or S. wolfei genomes. Other possibilities include two-component regulatory systems and sigma factors.
One syntrophic metabolizer, Pelotomaculum thermopropionicum, signals its partner through an attached flagellum, according to Kazuya Watanabe and colleagues at the Marine Biotechnology Institute in Kamaishi, Iwate, Japan. Adding the flagellar cap protein (FliD) from P. thermopropionicum to cultures of Methanothermobacter thermoautotrophicus accelerates methanogenesis and alters the expression of about 50 genes.
